Fluorescence in situ hybridization (FISH) has proven to be most useful for the identification of microorganisms. However, species-specific oligonucleotide probes often fail to give satisfactory results. Among the causes leading to low hybridization signals is the reduced accessibility of the targeted rRNA site to the oligonucleotide, mainly for structural reasons. In this study we used flow cytometry to determine whole-cell fluorescence intensities with a set of 32 Cy3-labeled oligonucleotide probes covering the full length of the D1 and D2 domains in the 26S rRNA of Saccharomyces cerevisiae PYCC 4455 T . The brightest signal was obtained with a probe complementary to positions 223 to 240. Almost half of the probes conferred a fluorescence intensity above 60% of the maximum, whereas only one probe could hardly detect the cells. The accessibility map based on the results obtained can be extrapolated to other yeasts, as shown experimentally with 27 additional species (14 ascomycetes and 13 basidiomycetes). This work contributes to a more rational design of species-specific probes for yeast identification and monitoring.
In the last decade, fluorescence in situ hybridization (FISH) became the method of choice for the direct detection and identification of microorganisms in their natural environments (1, 3, 15) . Even though FISH has been extensively used in ecological studies of bacteria (3) and other organisms (17) , work with fungi has been restricted to the detection of Aureobasidium pullulans on the phylloplane (12, 19) and either clinically relevant or food spoilage yeasts (9, 10, 13, 14) . Recently, a method using fluorescently labeled peptide nucleic acid probes was applied with success to the detection of Dekkera bruxellensis in wine (20) , to the differentiation between Candida albicans and Candida dubliniensis (16) , and to direct detection of C. albicans in blood culture bottles (18) .
Preliminary studies with yeasts have shown that FISH assays are rapid and simple to carry out, do not require special cell permeation treatments and result in a high signal-to-noise ratio even when the cellular ribosome content is low, e.g., in late-stationary-phase cells (J. Inácio et al., unpublished data). However, a significant fraction of the probes designed yield low or no hybridization signals under optimal experimental conditions as assessed with a universal probe (10) . One possible limitation of the method is associated with the target molecule, the rRNA. The targeted region of the ribosomes, which remain in the intact cell, might be structurally hindered or involved in molecular interactions, rendering it inaccessible to probe hybridization (3). Despite the development of procedures to improve the accessibility of those regions by using unlabeled helper oligonucleotides (6), a very useful clue when trying to design a good probe is to look for target sites located in rRNA regions already known to be accessible (7, 8) .
The D1 and D2 domains at the 5Ј end of 26S rRNA show a high degree of interspecies sequence variation for yeasts and are therefore frequently used for identification as well as in phylogenetic studies (5, 11) . Due to the nucleotide sequence variability and to the large number of sequences available in public databases, this region provides an excellent basis to design species-specific FISH probes targeting the rRNAs of yeasts (16, 20) .
The aim of the present study was to evaluate the accessibility of the D1 and D2 domains in the 26S rRNA to fluorescently labeled probes by using Saccharomyces cerevisiae as a model.
Probe labeling and quality control. Probes were synthesized monolabeled at the 5Ј end with Cy3 by Interactiva GmbH (Ulm, Germany). Aliquots of each probe were analyzed in a spectrophotometer (UV-1202; Shimadzu, Duisburg, Germany). The peak ratios of the absorption of DNA at 260 nm and the dye at 545 nm were determined in order to check the labeling quality of the oligonucleotides (7) . , indicated in a model of the S. cerevisiae 26S rRNA secondary structure in which the D1 and D2 domains (delimited by the NL1 and NL4 primer target sites) are enlarged. The color coding indicates differences in the level of Cy3 probe-conferred fluorescence. The secondary structure is adapted from the European rRNA database (http://rrna.uia.ac.be).
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laser was tuned to an output power of 750 mW at 514 nm. Forward-angle light scatter (FSC) was detected with a 530 (Ϯ 30)-nm band pass filter (BD Biosciences). Fluorescence (FL1) was detected with a 620 (Ϯ 60)-nm band pass filter (Gesellschaft für dünne Schichten mbH, Hugo Anders, Nabburg, Germany). Cy3 probes were measured with deionized water as sheath fluid, and polychromatic, 0.5-m-pore-size polystyrene beads (catalog no. 18660; Polysciences, Warrington, Pa.) were used to check the stability of the optical alignment of the flow cytometer and to standardize the fluorescence intensities of hybridized cells (7, 8) . Data acquisition and processing. The parameters FSC and FL1 were recorded, and for each measurement 10,000 events were stored in list mode files. The CellQuest software (BD Biosciences) was used for subsequent analysis. Probe-conferred fluorescence was determined as the mean of the fluorescence values of single cells recorded in a gate that was defined in an FSC-versus-FL1 dot plot. For every group of 10 measurements, the fluorescence of the reference beads was determined. The standardized cell probe-conferred fluorescence was obtained by dividing the probe values by the fluorescence values of the reference beads. All values were finally expressed relative to the value for the brightest probe detected (Table 1) . FISH experiments were performed three times for each probe, on three different days, with independent triplicates in each experiment. Only triplicate values with a standard deviation of below 10% were accepted. The final value for each probe is the mean from at least two independent experiments, with a standard deviation of below 15%. This procedure was adopted to account for the daily variations due to the equipment (e.g., oven temperature and flow cytometer laser power) and userdependent errors.
Estimation of nucleotide substitution rates for the D1 and D2 domains. The nucleotide substitution rate, defined as the number of nucleotide substitutions per site and per unit time in the DNA sequence, provides a relative measure of the conservation or variability of the positions analyzed. An alignment of 145 D1 and D2 sequences, reported for yeasts and fungi of different phylogenetic groups (Table 2) , was obtained with Megalign (DNAStar, Madison, Wis.) and checked visually. The nucleotide substitution rate for each position in the alignment was estimated by using the software package TREECON (23) and the substitution rate calibration method reported by Van de Peer et al. (24) .
Comparison of 26S rRNA accessibilities in different yeasts. To evaluate whether the accessibility data obtained for the region analyzed in the S. cerevisiae 26S rRNA could be extrapolated to other yeast species, a subset of the probes tested in this study were used in FISH experiments with several yeast species that presented a full complementary target site for those probes. The probes and yeast species selected are shown in Fig. 2 . The EUK 516 (5Ј-ACCAGACTTGC CCTCC) (2) and NonEUB (5Ј-ACTCCTACGGGAGGCAGC) (25) probes were used as positive and negative controls, respectively. All of the yeast strains were grown, harvested, and paraformaldehyde fixed as described above. The FISH experiments were carried out as indicated above, and 10 l of the final hybridization mixture was spotted onto microscopic slides, air dried in the dark, and mounted with Vectashield solution (Vector, Burlingame, Calif.). The slides were examined with an Olympus BX50 microscope fitted for epifluorescence microscopy with a U-ULH 100-W mercury high-pressure bulb and a U-MA1007 filter set for the fluorochrome Cy3 (Olympus). The fluorescence intensity of the hybridization signal was checked visually. Photomicrographs were obtained with a digital camera (Olympus C3030-ZOOM) and edited with standard software (Adobe Photoshop 6.0).
RESULTS AND DISCUSSION
The results obtained for the in situ accessibility of S. cerevisiae 26S rRNA to Cy3-labeled oligonucleotide probes covering the full length of the D1 and D2 domains are shown in Fig. 1 and Table 1 . Fluorescence intensities for each probe were quantified by flow cytometry, expressed as a percentage of the fluorescence signal of the brightest probe detected (D-223), and grouped into different accessibility classes (7). The fluorescence intensity obtained for probe D-223 was of the same order of magnitude as the signal shown by the universal eukaryote probe EUK 516, which is targeted to the 18S rRNA. About 44% of the probes tested belong to the higher-accessibility classes (I and II), and 28% were poorly binding (brightness classes V and VI). To evaluate whether the probes belonging to the most inaccessible classes (IV, V, and VI) would show better fluorescent signals under different hybridization conditions, a subset of these probes was chosen and hybridization reactions were performed at different temperatures. The use of hybridization conditions with different stringencies did not significantly improve the fluorescence intensities (data not shown), in accordance with previous studies (7) . The overall results indicate that, despite its short length of approximately 600 nucleotides, the D1 and D2 domains include potentially good targets for yeast probe design. However, care should be taken when selecting target sites complementary to the most variable areas of the D1 and D2 domains (Fig. 3) , where it is easier to find species-specific sequences. The data obtained show that the most conserved stretches of the studied region are more accessible (Fig. 3 ) (e.g., positions 200 to 350), and the most variable areas often show medium to low accessibility (e.g., the region between nucleotides 415 and 510). A similar trend has been observed in a previous accessibility study conducted for Escherichia coli 16S rRNA (7) .
As for other probes belonging to the weaker accessibility classes (IV, V, and VI), whose low probe-conferred fluorescence signals may be due to the rRNA secondary structure and/or protein-rRNA interactions, the weaker signal of probe D-59 can additionally be attributed to a significant degree of self-complementarity in its sequence, an aspect to be taken into consideration when designing species-specific probes. Another possible explanation for the less intense fluorescence signals observed with some FISH probes is the quenching due to the presence of guanine residues adjacent to the 3Ј ends of the rRNA targets (4, 22) . We observed no significant correlation between the probe-conferred fluorescence intensities and this nucleobase position in the vicinity of the 3Ј ends of the respective rRNA target sites (data not shown). This observation agrees with those of Torimura and colleagues (22) , who observed the quenching phenomenon for fluorescein isothiocyanate-labeled oligonucleotides but not for Cy3-labeled ones. Interestingly, a comparative analysis of the in situ accessibility of the first 350 nucleotides in E. coli 23S rRNA to Cy3-labeled oligonucleotide probes (8) and the data obtained in this work for S. cerevisiae show some striking similarities (Fig.  4) . Although the probes used have different target sequences in the two microorganisms, the accessibilities follow the same general trend. On the other hand, the probes belonging to the higher accessibility classes (I and II) in S. cerevisiae also yielded strong hybridization signals with species belonging to different phylogenetic groups, including the distantly related basidiomycetous yeasts (Fig. 2) . This suggests that the D1-D2 accessibility map presented here for S. cerevisiae provides useful guidance for the design of species-specific probes for other yeasts, maybe even for other fungi or eukaryotic microorganisms. However, the design of probes for more distantly related organisms would probably require a different model. With this study we hope to contribute to a more rational design of fluorescently labeled probes for yeast identification that will stimulate the use of FISH-based methods in a wide range of applications, including studies on the ecology of yeasts.
